This paper presents some experimentations, which have been conducted in the submerged archeological Park of Baiae, aimed to identify the problems related to the underwater 3D documentation process. The first test has been addressed to verify if a dense stereo mapping technique, usually employed in terrestrial and aerial applications, might be employed in critical underwater conditions by assessing the influence of different factors on the results. In the second test, the accuracy of the 3D model obtained through this technique has been evaluated. The third test deals with the geo-localization of the 3D models, conducted by merging the optical and acoustic data, through a multi-resolution bathymetric map of the site as a reference.
INTRODUCTION
3D reconstruction offers many opportunities for the documentation of underwater cultural heritage, thanks to the possibility to de-materialize the tangible heritage, so that it can be enjoyed and studied without any constraint given by the marine environment. 3D data of underwater scenes are usually acquired through optical or acoustic sensing technologies. Acoustic systems typically give good results at long distances and in presence of bad visibility, but the resulting 3D data are affected by low resolution and accuracy, and do not contain color information. Optical techniques give better performances in presence of clear water and in close range applications. Passive optical techniques are very promising for the documentation of underwater cultural heritage, as they offer the required resolution, and can be obtained with an off-the-shelf camera handled directly by a scuba diver. On the other side, optical imaging suffers from the harsh conditions caused by several environmental factors, such as light absorption and color alteration induced by the water, turbidity caused by the particles suspended in water, presence of moving elements like algae or fishes. These problems limit the use of optical techniques to close range applications, and require a proper image pre-processing to improve the quality of the 3D model. In this paper we discuss various issues concerning the 3D reconstruction of underwater archeological sites though the use of photogrammetric techniques. In particular, we analyze the performances of the dense stereo mapping techniquecommonly used in air -highlighting its limits in underwater environment. Another research line focuses on the integration of 3D data captured by acoustic and optical systems, in order to obtain a complete representation of the underwater scene and to geolocalize the optical 3D model using the bathymetric map as a reference. Since the two categories of sensors are based on different physical principles, data alignment, (i.e. their transformation from each sensor's local frame into a common reference frame) is of critical importance for the successful integration of the optical and acoustic 3D models. Indeed, the 3D data generated by these two sensors are very different in terms of resolution and accuracy, so that the alignment made through the recognition of common points in both representations is a complex task. In the following sections we present three case studies, describing the critical aspects encountered during the 3D documentation process in the context of the submerged archeological Park of Baiae (Naples).
ARCHEOLOGICAL CONTEXT: THE SUBMERGED ARCHAELOGICAL PARK OF BAIAE
The underwater archaeological site of Baiae is located a few kilometers North of Naples (Italy) and belongs to the majestic volcanic complex of Campi Flegrei (Figure 1 ). Today Baiae is a small village in the municipality of Bacoli. Despite its limited size, it is dense of ancient remains of exceptional archaeological, historical, and architectural importance.
The archaeological submerged area of Campi Flegrei extends seamlessly along the entire coastline from Cuma to Naples. As it is well known, the ancient submerged remains are subjected to erosion phenomena, manmade damage, and colonization by biological agents. All these factors are problematic for restoration and preservation, and involve high maintenance costs, as reported during the ISCR experimental restorations (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and the P.O.R. of Baia Sommersa (Caputo and Severino, 2008) ; the restored pathways are currently in need of maintenance. In the past years the ISCR, with the project 'Restoring Underwater' (Petraggi, 2004; Petraggi et al., 2012; Petraggi et al., 2013) , has restored some sectors of ancient villas and structures situated in the Park of Baiae: the Villa con ingresso a Protiro, the Villa dei Pisoni, the Via Herculanea and the Edificio con cortile porticato at Portus Iulius. This case study is particularly critical because of the high level of turbidity, the heavy presence of marine flora and the variable lighting conditions, commonly found in shallow waters. All these disturbances cause a decreasing of the contrast and an alteration of the colors in the acquired images, seriously affecting the 3D reconstruction. So we were not sure about the feasibility of using a multi-view photogrammetric technique for obtaining a sufficiently detailed model of the architectonic structures present in the site.
3D RECONSTRUCTION IN UNDERWATER ENVIRONMENT
For the 3D reconstruction of submerged architectonic structures and objects, underwater archaeology researchers can employ both acoustic and optical technologies. Multibeam echosounders (MBES), usually employed for the generation of multi-resolution bathymetric maps in archeological contexts, give good results at long distances and in presence of bad visibility, but the resulting 3D data are affected by low resolution and accuracy, and do not contain color information. Optical techniques give better performances in presence of clear water and in close range applications. Among the optical techniques, photogrammetry has known a notable development during the last decade (Bruno et al., 2011; Silvatti et al., 2012) , with a particular attention for the dense stereo mapping technique (Lowe, 2004) . The latter, compared to the active ones, allows for a fast and accurate 3D survey through standard photographic equipment (Bianco et al. 2013 ). Other approaches, based on underwater passive photogrammetry, which integrate camera calibration procedures and image correction and enhancement methods, have been effectively applied in underwater environment for the survey of archaeological sites, as in the case of Hyères (France) where the Grand Ribaud Etruscan Wreck lies in deep water (Drap et al., 2001; Drap et al. 2008) , and the shipwreck of Dolia in the Tuscan Archipelago (Sorbi et al., 2014) . The 3D reconstruction process starts with the orientation of a sequence of images taken from different viewpoints, using a structure-from-motion technique. In the first stage, a feature extraction algorithm such as the SIFT (Scale Invariant Feature Transform) is used to extract a set of descriptors across the collection of images to be matched. Subsequently, a bundle adjustment procedure computes the camera positions and retrieves the camera calibration parameters. In the second stage, a passive dense stereo matching algorithm identifies some corresponding points across the image sequence. Knowing these correspondences and the scene structure, the 3D world coordinates of each image point can be reconstructed by triangulation. Finding a pair of correspondent points is not so trivial; since the scene is acquired from different points of view, it is possible to find false correspondences due to occlusion, radiometric distortion, and perspective distortion. Stereo systems use two digital synchronized cameras which may be installed on underwater robots (Allais et al., 2007) . The use of three synchronized cameras has also been experimented for improving accuracy in underwater surveys conducted by a scuba diver (Menci, 2013) .
CASE STUDY 1: PRELIMINARY TEST ON VILLA CON INGRESSO A PROTIRO
The first study was aimed to verify if the dense stereo mapping technique, usually employed in terrestrial and aerial applications, might be employed in the critical conditions of the Baiae site, and to assess the influence of different image enhancement algorithms on the 3D reconstruction results. As mentioned in the previous sections, the archaeological site of Baiae presents several peculiarities compared to other underwater sites. In fact, we know that the Baiae environment conditions, in terms of water turbidity and presence of flora, are very critical and we were not sure about the possibility of using a multi-view photogrammetric technique for obtaining a sufficiently detailed model of the structures present within the site.
The area selected as case-study is a thermal room, a caldarium of Villa con ingresso a Protiro, sized 5 x 8 meters. The caldarium is delimited by a wall with an elevation ranging around 0.5 meters. There is one crack on the west side and it presents several blocks of bricks spread over the floor. This particular room has been selected because, it presented various materials (bricks, mortar, tile floors, etc.) at the time of the acquisition, and it was affected by a strong colonization of algae and other kind of bio-fouling, thus constituting a very hard test case for the 3D acquisition techniques. There are several methods in the state of the art that can be used to improve the 3D reconstruction quality through the enhancement of underwater images, and a number of parameters have a relevant impact on the results. In order to identify how these parameters affect the accuracy of the reconstructed model, we have performed a rigorous analysis of the factors involved in the 3D reconstruction process.
Image acquisition
The camera used to acquire the underwater pictures is a Nikon D7000 reflex camera with a 20 mm fixed lens. The camera is mounted in an underwater housing manufactured by Ikelite, equipped with a spherical port. In addition, two underwater strobes have been used to acquire pictures in some portions of the site that present very poor lighting conditions. The acquisition has been carried out in two different dive sessions, in the North part and the South part of the site, respectively. The reflex camera has been used in manual exposure mode, setting values between 1/250 and 1/320 of a second for the exposure time and an aperture between f-5.6 and f-8. In order to ensure the adaptation of exposure to variable lighting conditions and to avoid the acquisition of over-exposed and under-exposed areas, the automatic ISO sensitivity function has been used. In order to test the effects of the in situ white balance correction, the images have been acquired using the pre-measured value obtained by acquiring an underwater white balance panel by Lastolite. The pictures have been taken following a standard aerial photography layout: the diver swims at depth of about 2 meters, taking overlapping pictures along straight lines that cover the whole area in North-South direction. Another set of images has been acquired in East-West direction. The occluded areas, not visible in vertical pictures, have been acquired using oblique photographs. The complete dataset includes a total of about 722 images. In this experimentation, the original images have been processed through an histogram stretching and a manual color retouching procedure performed on a sample image of the dataset, and it has been implemented using batch actions in Adobe Photoshop® to rescue the maximum amount of information from a set of defective and noisy pictures.
Experimentation and results
For the reconstruction process, the Bundler software (Snavely et al., 2008) has been used to orient the images and to retrieve the camera calibration parameters. The use of enhanced images allowed for orienting a subset of 533 pictures covering the whole area. Subsequently, the Bundler's outputs and the undistorted images have been processed with the PMVS2 (Patch-based Multi-View Stereo) algorithm (Furukawa and Ponce, 2010) . This algorithm estimates the surface orientation while strengthening the local photometric consistency, which is important to obtain accurate models from low textured objects or with images affected by blur due to turbidity in underwater environment. Furthermore, the PMVS2 automatically rejects moving objects, such as fishes and algae. The output is a dense point cloud (about 10 million points) with RGB information for each 3D point (Figure 1 ). The point cloud has been processed with Meshlab tools (Meshlab, 2014) . The first operation was a manual selection and deletion of unwanted areas. Subsequently, a water tight surface with about 25 million triangles has been obtained through a Poisson Surface Reconstruction algorithm. The camera orientation procedure has been carried out with an unknown scale factor and it was followed by a scaling of the model, which was carried out by selecting two points with a known distance. In our experimentation, a scale bar has been placed in the scene and reconstructed in order to evaluate the scale factor. The last step consists in the application of the texture on the 3D surface. Color information can be extracted directly from the colored point cloud, but this method does not allow for creating a high quality texture, as its resolution depends on the point cloud density. Since the camera positions are known, the method chosen for texture mapping consists into the projection and blending of the high resolution images directly on the 3D surface. In particular, we have selected an image subset because the averaging among neighborhood values during the blending on the images works better if performed on a largely overlapped area (reducing blur effects). The result of this procedure is a texture with a resolution comparable to the original images (Figure 2 ).
CASE STUDY 2: ACCURACY EVALUATION ON VILLA DEI PISONI
In this second case study, we have evaluated the accuracy of the reconstruction method described in Section 4. This experimentation has been carried out in the "Villa dei Pisoni". Since a reference model acquired with an active sensor was not available, the data have been analyzed -in terms of distance measurements accuracy -on rigid targets placed on the seabed. The aim of the work is to quantify the accuracy of the 3D model of an underwater structure generated by an image-based method, in order to verify its applicability on challenging real word scenarios. Villa dei Pisoni is located at about 150 m southeastward from the Punta Epitaffio Cape and is also visible from aerial and satellite images. It is composed by several rooms with a global rectangular plan structure measuring 160 × 120 m. Most of the internal sector was occupied by gardens (about 95 × 65 m) and surrounded by apses and columns. A fistula aquaria containing the inscription "L. Pisonis" confirms that the Villa belonged to the important "Pisonis" family and was dating back to the first century BC (Hadrian age).
Experimental setup and 3D reconstruction
The equipment used to acquire the underwater pictures consists in a Nikon D7000 reflex camera with a 20 mm fixed lens. The camera is mounted in an underwater case manufactured by Ikelite and equipped with a spherical housing. In order to compute the global scale, a set of four triangular targets, made of rigid bars of anodized aluminium, each with three markers placed at the vertices of the triangle, has been used to perform three measurements, corresponding to the distances between each pair of markers. Moreover, a four meters long rigid bar, also made of anodized aluminium, has been used to analyze the accuracy (Figure 3) . The acquisition was separated into three sessions carried out in three days. During the first dive, a preliminary survey of the site has been conducted, in order to study the area of interest and identify the most relevant architectonic structures, monitor the environmental conditions, and find the best places on which the targets should be placed. Due to the extension of the area of interest (15 x 20 meters), we have decided to divide the acquisition into two different sessions. The first dive, which lasted about two hours, was conducted in the northern part (15 x 10 m): about 1700 pictures have been acquired. During the afternoon of the same day, the picture coverage has been checked in order to avoid missed areas. The day after, more than 2000 pictures related to the southern part (15 x 12 m) have been acquired, paying attention to ensure a sufficient overlap between the two parts to consolidate the model alignment. The pictures have been taken following a standard aerial photography layout: the diver swims above the site at a fixed depth ranging from 1.5 to 3 meters, taking pictures with a 75% of overlapping between two consecutive photos. The camera follows two straight lines in North-South and East-West directions; several overlapping stripes have been acquired covering the whole area. Using the methods from our first case study we've obtained the 3D model as pictured in Figure 4 .
3D model accuracy evaluation
To recover the unknown scale factor, it was necessary to obtain accurate measurements of the scene. We measured multiple distances, and the resulting scale factor has been evaluated as the mean value of the ratios between the measurements on the real scenario and the reconstructed one. By applying this scale factor to the model, we obtained a mean error of 2.89 mm.
Since there is no reference 3D model obtained with active techniques, it is not possible to make an accurate comparison for testing the data accuracy. That's why we used the four meters long, rigid anodized aluminum bar, on which we attached a series of markers placed at fixed distances. After having identified these markers in the reconstructed model, we evaluated their relative distance by taking 37 measurements. We've evaluated an average error of 1.35 mm, which is comparable to the mean error of the scaling procedure that we previously obtained.
As an additional parameter for the assessment of the accuracy of the reconstruction, we measured the geometric tolerance of straightness, which sets the limits of variability between a real straight element and the ideal one. In our case, the straightness is defined as the minimum diameter of the cylinder that contains the whole series of markers. We've measured a mean radius of 1.42 mm, evaluated as the average distance between the markers and the straight line of best fit of the set of measurements.
CASE STUDY 3: OPTO-ACOUSTIC DATA MERGING
The third case study concerns the merging of optical and acoustic data in order to improve the understanding of the acquired scene (by contextualizing it in a larger bathymetric model) and to geo-localize the 3D optical models using the bathymetric map as a reference. In the first step, two areas of the archeological site of Baiae, i.e. the fishpond area near the Castle and the Villa dei Pisoni, were acquired by using our own optical equipment and a multi-beam sonar.
Multibeam echosounders (MBES) are standard instruments used to simultaneously collect several depth measurements called "beams", and are particularly suitable for high-resolution mapping in very shallow water (up to 80 m depth). This equipment is particularly reliable for data acquisition in areas of archaeological interest (Passaro et al., 2013 : Somma et al., 2015 . The bathymetric acquisition system was properly interfaced with a differential global positioning system, which ensured a sub-meter accuracy, and with inertial motion sensors for pitch, roll, yaw and heading corrections. MBES data processing was carried out with Reson-Thales PDS2000© software, following IHO standards (IHO, 2008) . The processing was mainly aimed at the removal of navigational errors, noise reduction (de-spiking, removal of poor quality beams), and tidal and sound velocity corrections (e.g., de Alteriis et al., 2003) . Subsequently, the optical 3D models of the acquired areas have been aligned through the manual selection of corresponding points in both representations. While in the first test we've obtained a good alignment of the 3D optical and acoustic data ( Figure 5 ), in the second one the result was not satisfactory, because the data-sets were too different in resolution ( Figure 6 ). In particular, in order to have a correct alignment of the optical and acoustic 3D models, we have estimated that the data-sets 
CONCLUSION
The paper presented three case studies about the underwater 3D documentation of an underwater archeological site, highlighting various difficulties and critical aspects.
In the first case study we have conducted a preliminary test in order to verify if the dense stereo mapping technique can be applied in a challenging underwater environment as the Baiae submerged archaeological park. In the second case study, we have evaluated the accuracy of the 3D models obtained through the methodology adopted in the previous case study. The accuracy of the 3D model was quantified in terms of the average error between the actual size of various targets placed on the seabed (long rigid bars made in anodized aluminium, on which we have attached a series of markers placed at a fixed distance) and the size measured in the 3D reconstruction. As an additional parameter for the assessment of the accuracy of the reconstruction, the geometric tolerance of straightness has been measured. The results showed that this models can be used not only for illustrative purposes, but also for scientific analysis. Finally, the third case study concerns the merging of data acquired by the dense stereo mapping and by a multi-beam sonar in order to improve the understanding of the acquired scene (by contextualizing it in a larger bathymetric model) and to geo-localize the 3D optical models using the bathymetric map as a reference. In the first step, two areas of the archeological site of Baiae have been acquired using a multibeam sonar, i.e. the fishpond area near the Baiae Castle and the Villa dei Pisoni. Subsequently, the optical 3D models of the acquired areas have been aligned through the manual selection of corresponding points in both representations. While in the first test we obtained a good alignment of the 3D optical and acoustic data, in the second one the result was not satisfactory because the data-sets were too different in resolution. In particular, in order to have a correct alignment of the optical and acoustic 3D models, we have estimated that the data-sets have to contain sharp corners with a size at least three times the resolution of the bathymetric map itself.
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